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Upon infection with the Moloney murine sarcoma virus-murine leukemia virus (MuLV) complex, H-2b
C57BL/6 (B6) mice respond with a class I D'-restricted cytotoxic T-lymphocyte (CTL) response, which protects
against virus-induced tumorigenesis. In the B6-derived Db mutant B6.CH-2bm13 (bml3) strain, part of the class
I Dt antigen-presenting groove is shaped by a class I K'-encoded sequence. Like B6 mice, bml3 mice reject
Moloney virus-induced tumors, but the protective CTL response is K' restricted. In this study we show
enhanced levels of Moloney MuLV-specific CTLp with a restriction for K' in bml3 mice. Through the use of
CTL clones from Moloney virus-immunized bml3 mice, the class I Kb-presented CTL epitope was identified.
The epitope is located in the Moloney virus gp7O envelope protein region {Moloney envelope, amino acids 189
to 196 [Mol env (189-196)] }, SSWDFITV and has the K' allele-specific binding motif. The Dbm13 molecule does
not present the env(189 to 196) epitope to Kb-restricted bml3 CTL. In B6 mice, Mol env(189-196)-specific CTL
could be induced by peptide vaccination. B6 mice thus have CTL precursors specific for this epitope but at
considerably lower levels than do bml3 mice. We hypothesize that additional positive selection ofK?-restricted
CTL on the Dbml3 molecule in bml3 mice explains this difference in precursor frequencies. We examined
related strains of MuLV for the presence of Mol env(189-196) sequence equivalents. Rauscher, Friend, and
AKV MuLV-encoded Mol env(189-196) epitope equivalents were properly recognized in cytotoxicity assays,
both as synthetic and as endogenously expressed (Rauscher MuLV) peptides. In contrast, the mink cell
focus-forming virus MuLV-encoded epitope equivalent, lacking a K' anchor residue, was not presented for CTL
recognition and hence can be excluded as an important CTL epitope for mink cell focus-forming viruses.

Injection of C57BL H-2b mice with the Moloney murine
sarcoma virus-murine leukemia virus (MSV-MuLV) complex
leads to rapid tumor development at the site of virus inocula-
tion. Tumors spontaneously regress within 6 weeks, largely
because of cytotoxic T-lymphocyte (CTL) activity (21). This
CTL response is directed against the tumor virus MuLV
component and is mainly restricted by H-2 class I Db in B6
mice (H-2 class I Kb, Db) (6, 14, 21, 41). B6.C-H-2bml3 (bml3)
mice are genetically identical to B6 mice, except for a K'

gene-derived nucleotide sequence within the class I D* locus.

This results in three amino acid substitutions within the
,B-pleated sheet of the antigen-presenting groove of the bml3
Db molecule (Dmb3), which consequently over a stretch of 13
amino acids (aa) (positions 108 to 119) resembles the antigen-
presenting groove of class I K' (11). Interestingly, bml3 and B6
mice show the same pattern of tumor development and
regression upon infection with Moloney virus, but CTL reac-
tivity in bml3 mice is class I K' restricted (38, 39, 40). Db
mutant B6.C-H-2bm14 mice, like bml3 mice, lack class I D*
(Db_DbmJ4), but despite also bearing class I K', they do not
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generate detectable Moloney virus-directed CTL reactivity
upon infection (40).
CTLs recognize short peptides which are presented in the

antigen-binding groove of major histocompatibility complex
(MHC) class I molecules (2, 31, 43, 44). This serves a dual
function. First, constitutively presented self peptides deter-
mine the selection of the CTL repertoire during immune
development (1, 15, 24, 29, 34), and second, the specific
recognition of class I-presented antigenic peptides by mature
CTLs induces responsiveness (31, 43, 44). The peptides pre-
sented on cell surface-expressed class I molecules evolve from
endogenous processing of cytosolic proteins (23). Assembly of
major histocompatibility complex class I-peptide complexes
presumably takes place in the rough endoplasmic reticulum
and occurs in an allele-specific fashion. The rules for peptide
binding are defined by the structure of the antigen-binding
groove of the class I molecule (5, 33, 45). Peptides binding to
H-2 class I K' are characterized by a length of 8 to 9 aa and
carry a Phe (F) or Tyr (Y) residue at position 5 and an aliphatic
residue at the carboxy peptide terminus (the so-called anchor
residues for peptide binding). Specific mutations in the class I
antigen-binding groove, as in the Db mutant DbmJ3 or K'
mutant K"ml, alter the repertoire of peptides being bound (30,
45), and thereby the CTL repertoire.
To investigate in which way the DbmI-3 molecule influences

the repertoire of Moloney MuLV-specific CTL in bml3 mice,
we identified the immunodominant K'-restricted CTL epitope,
expressed on Moloney MuLV-infected bml3 cells. We used a
set of viral peptides with the K'-allele-specific motif that
strongly bound this class I molecule. The peptides were derived
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from the viral core (gag) and envelope (env) proteins. By gene
transfection both of these proteins have been shown to encode
epitopes for MuLV-specific CTL in H-2h mice (6, 14). In
addition, for Friend MuLV an env-encoded 17-mer peptide,
encompassing a class I Db-presented CTL epitope, has been
described (32), and we recently identified a K"-presented
env-encoded CTL epitope for mink cell focus-forming virus
(MCF) MuLV-specific CTL (37). In the present study, we
found the immunodominant Moloney epitope for bml3 CTL
to be encoded in the MuLV gp7O-env region, aa 189 to 196
[Mol env(189-196)], amino acid sequence SSWDFITV. The
peptide is presented by class I K" but not by class I D" or Dh' .

Cross-reactivity of MuLV-specific CTL toward related vi-
ruses is generally observed (9, 12, 28). We investigated the fine
virus specificity of Mol env(189-196)-directed CTL and found
that Rauscher, Friend, and AKV MuLV encode an epitope
equivalent which is recognized by env(189-196)-specific CTL
and is processed in Rauscher MuLV-transformed tumor cells.
In contrast, the MCF MuLV-encoded epitope equivalent lacks
the position 5 anchor residue for Ke binding, poorly binds the
K" molecule, and is not presented on MCF MuLV-trans-
formed tumor cells.

MATERIALS AND METHODS

Mice. Mice used in this study were obtained from the
Central Laboratory of the Netherlands Red Cross Blood
Transfusion Service, Amsterdam, The Netherlands, and were
held under pathogen-free conditions. Haplotypes: C57BL/6
(B6), H-2K", Dh; BIO.A(4R), H-2Kk, Dh; B1O.A(5R), H-2Kh,
Dd. B6.CH-2"'t-13 (bml3), H-2 K", Dh"" 13 is a spontaneous
B6-derived D" mutant strain (11), carrying the bml3-specific
mutations in the D" molecule: position 114, Leu->Gln, posi-
tion 116, Phe--Tyr and position 119, Glu->Asp.

Cell lines. RMA and its derivate RMA-S are Rauscher
MuLV-transformed T-cell lines (H-2") (22), EL4 is a carcino-
gen-induced thymoma cell line (H-2") (10). 717 is an MCF1233
MuLV-transformed T-cell line and 771 is an MCF1233 MuLV-
transformed B-cell line (37); both are derived from MCF1233
MuLV-infected C57BL/10 mice as described previously (47).
FRE (Fisher rat embryo) cells and the FRE class I transfec-
tants FRE.B2 (class I D"), FRE.R3 (class I K") and FRE.V4
(class I D"" 13) (14) were a gift of F. Lilly (Albert Einstein
College of Medicine, Bronx, N.Y.). All cell lines were main-
tained in Iscove's medium (Seromed; Biochrom KG, Berlin,
Germany) with 5% fetal calf serum. FRE class I transfectants
were incubated with gamma interferon (10 U/ml; Cetus) for 48
h prior to use in CTL assays.

Generation of Moloney virus-specific CTL. In mice, sarco-
mas were induced by intramuscular inoculation of 100 p.l (9 x
102 focus-forming units, determined on SC-1 mouse cells) of
Moloney MSV-MuLV (27) as described previously (41). After
complete tumor regression, spleens were taken out and
brought into suspension. Spleen bulk cultures were restimu-
lated in vitro with irradiated Moloney MuLV-infected synge-
neic lipopolysaccharide (LPS)-stimulated blasts (41) once a
week. The Moloney MuLV-specific CTL clones were derived
from a limiting dilution of Moloney MuLV-specific bml3 CTL
bulks as described previously (16). Culture was in Iscove's
modified Dulbecco medium (Gibco BRL) supplemented with
10% fetal calf serum, penicillin (100 IU/ml), kanamycin (100
,ug/ml), L-glutamine (2 mM), 2-mercaptoethanol (20 p.M), and
culture supernatant from phorbol myristate acetate-con-
canavalin A-stimulated rat spleen cells (17) at 37°C in humid-
ified air containing 5% CO.
CTL precursor frequency analysis. Twenty-four replicate

microcultures with various numbers of responder spleen cells
(spleen cells from mice that underwent complete tumor regres-
sion after infection with Moloney virus) were stimulated with
5 x 104 irradiated syngeneic Moloney MuLV-infected LPS-
stimulated blasts (41) and were cultured in 200 .I1 of Iscove's
culture medium, supplemented with rat concanavalin A super-
natant, in U-bottom tissue culture plates (Costar, Cambridge,
Mass.). At day 7, the cytolytic activity of 100 p.l of cell
suspension in each well was tested in a 4-h 5'Cr release assay
(see below), using Moloney MuLV-infected LPS-stimulated
blasts (41) as the target (5 x 103 per test well). Positive
cultures were defined as those in which the 5'Cr release values
exceeded by 3 standard deviations the spontaneous release
values. Minimal estimates of CTL precursor (CTLp) frequen-
cies were calculated from the zero-order term of the Poisson
distribution with linear regression analysis by the least-squares
method (42).

Peptides. Eleven-mer peptides of Moloney MuLV gag and
env proteins were synthesized in small amounts by the Pepscan
method (46) at the Central Veterinary Institute, Lelystad, The
Netherlands. Pepscan peptides were dissolved in 500 p.l of
phosphate buffered saline (PBS) and were stored at -80°C.
Peptides, required in bulk amounts, were synthesized on a
multiple peptide synthesizer (Abimed AMS 422) (8) at the
Department of Immunohematology and Blood Bank, Univer-
sity Hospital Leiden, Leiden, The Netherlands. These peptides
were analyzed for purity by reverse-phase high performance
liquid chromatography, lyophilized and dissolved in PBS. Stock
solutions of 5 mg/ml were stored at -80°C.

Generation of peptide-specific CTL. B6 mice were immu-
nized with 100 p.g of peptide in incomplete Freund's adjuvant
(1:1) in the base of the tail. At day 9 spleens were taken out,
brought into suspension, and passed over nylon wool. RMA-S
cells were preincubated for 48 h at 26°C in medium with 2%
pooled human serum and were subsequently loaded with
peptide (100 p.g/ml) under serum-free conditions (4 h at 26°C).
After mitomycin C treatment (50 p.g/ml, I h at 37°C) and
irradiation (2,500 rads), the peptide-loaded RMA-S cells were
washed three times and used to restimulate the syngeneic
nylon wool-passed spleen cells (R/S ratio, 4:1). Culture was
performed in 96-well U-bottom plates (Costar) in Iscove's
Gibco medium, supplemented as described above. Culture
supernatant from phorbol myristate acetate-concanavalin A-
stimulated rat spleen cells (17) was added after 1 week of
culture. Cells were restimulated at day 8 with peptide-loaded
irradiated B6 spleen cells, and no free peptide was added to
the CTL cultures.
CTL assays. CTL assays were performed as described

previously (4). In short, 1 X 103 to 2 x 103 Na25`[Cr]04-
labeled target cells were added to various numbers of effector
cells and were incubated for 5 to 6 h at 37°C. The percentage
of specific 51Cr release was calculated as ([cpm experimental
release] - [cpm spontaneous release])/([cpm 1% Triton X-100
release] - [cpm spontaneous release]). All assays were carried
out in triplicate. For target cell sensitization, 5 Cr-labeled
target cells were incubated with peptide for 10 min prior to
addition to the test wells. Peptides remained present during
the assay (concentration, 0.5 p.g/ml unless stated otherwise).
H-2 class I peptide binding assay. Peptide binding assays

were performed as described previously (18), with slight mod-
ifications. In short, RMA-S cells were washed twice in serum-
free medium and were incubated in medium with 2% human
serum instead of fetal calf serum for 48 h at 26°C. Afterwards,
cells were washed and seeded in U-bottom 96-well plates, and
2 x i05 cells were incubated with peptide (at concentrations
ranging from 0.2 ng/ml to 100 ,ug/ml) in serum-free medium in
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TABLE 1. CTLp frequencies of Moloney virus-specific CTL in B6 and bml3 mice

Responder No. of target cellse for haplotype:
mouse strain

(main restriction) B6 K* Db bml3 Kb Dt&m13 B1O.4R Kk D" B1O.5R Kb JY

B6 (Db) 1/5,000 + 2,000 1/160,000 + 30,000 1/9,000 ± 3,000 1/119,000 ± 20,000

bm13 (K") 1/13,000 ± 2,000 1/7,000 + 1,000 1/70,000 ± 8,000 1/13,000 ± 2,000

" Mean minimal estimate of CTLp frequencies of five experiments ± standard deviation. Target cells were Moloney MuLV-infected, LPS-stimulated blasts.

a total volume of 60 ,u1 for 4 h at 37°C. Cells were washed and
stained for class I K" expression as described below.

Immunofluorescence. A total of 2 x 105 cells were incubated
with an excess amount of first antibody (B8.3.24 for detection
of class I K" expression) in a volume of 25 RIl for 30 min at 4°C.
Cells were washed once with PBS containing 0.5% bovine
serum albumin and 0.02% sodium azide (PBA) and were
subsequently incubated with fluorescein isothiocyanate-conju-
gated goat anti-mouse immunoglobulin (Boehringer, Mann-
heim, Germany) second antibody for 30 min at 4°C. After
incubation, cells were washed and suspended in 100 ,ul of PBA,
and fluorescence was measured on a FACScan flow cytometer
(Becton Dickinson, Mountain View, Calif.). The results repre-
sent the mean fluorescence intensity of 3,000 gated events.
Fluorescence indexes were calculated as follows: ([mean fluo-
rescence in the presence of peptide] - [mean fluorescence in
the absence of peptide])/mean fluorescence in the absence of
peptide.

RESULTS

Bml3 mice display enhanced levels of Moloney MuLV-
specific Kb-restricted CTLp. B6 and B6 Db-mutant bml3 mice,
intramuscularly injected with the Moloney MSV-MuLV virus
complex, develop sarcomas within 2 weeks. Tumors regress
spontaneously within the following 6 weeks (data not shown).
Previously, in bulk cultures it has been shown that bml3
mutant mice (K", Dbm, 3) have elevated levels of K"-restricted
Moloney MuLV-specific CTL compared with normal B6 mice
(K", Db), in which the CTL response is Db restricted (38-41).
We extended this analysis to the clonal level. Limiting dilution
with spleen cells from B6 and bml3 tumor regressor mice
showed that the levels of Moloney MuLV-specific precursors
are comparable for both haplotypes, 1/5,000 for B6 and 1/7,000
for bml3 when they were tested against syngeneic Moloney
MuLV-infected targets (Table 1). In B6 mice this frequency
was comparable to that measured against virus-infected 4R
target cells (K", Db), confirming Db restriction. Only a few
precursors could be detected against virus-infected bml3
(K", DbmJ3) and 5R (K", Dd) target cells (Kb-restricted CTL;
<1/100,000). In bml3 mice, apart from the high responsiveness
against syngeneic virus-infected cells, similar high precursor
frequencies were shown against virus-infected B6 and SR
target cells but not 4R target cells (Table 1), which demon-
strates Kb restriction of bm13-derived CTL. These data there-
fore support the previous observations, showing a discrepancy
between the levels of K"-restricted Moloney MuLV-specific
CTLp in bml3 (approximately 1/7,000) and B6 (<1/100,000)
mice.
Mapping of the Moloney MuLV-encoded epitope for CTL

derived from bml3 mice. Stable CTL lines and clones were
established by cocultivation of spleen cells from bml3 mice
with complete tumor regression and irradiated syngeneic
Moloney MuLV-infected, LPS-stimulated blasts (41). As
shown in Fig. 1 for a CTL line and the 10B6 CTL clone, these

cultures specifically recognized Moloney MuLV-infected FRE
cells transfected with the mouse class I K" molecule. FRE
transfectants carrying mouse class I Db or DbmJ3 and both
untransfected and uninfected FRE cells were not recognized,
confirming K" restriction and Moloney MuLV specificity.
To determine the fine peptide specificity of the CTL cul-

tures, the Moloney-MuLV sequence (35) was examined for
peptides that could bind the class I K" molecule and, thereby,
might serve as a CTL epitope. Overlapping peptides (11 aa
long, with an overlap of 9 aa) covering the Moloney MuLV gag
and env proteins were tested for the ability to upregulate the
class Ie expression on RMA-S cells. This assay is based upon
the fact that, because of an intrinsic antigen-processing deficit,
RMA-S cells have a low cell surface expression of largely
unstable H-2 class I molecules (22). The stable conformation
can be acquired by binding of exogenously added peptides.
This results in an elevated class I expression level and is
detectable by immunofluorescence (18).

Incubation of RMA-S cells with the 11-mer peptides led to
identification of one gag- and four env-encoded sequences that
enhanced the class I Kb expression (Table 2) and contained the
described binding motif for the K" molecule (5). In addition,
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FIG. 1. Lytic activity of a Moloney MuLV-specific bml3 CTL line

and CTL clone (10B6) against Moloney virus-infected versus unin-
fected FRE cells, transfected with class I Db, Kb, or D"""3. Moloney
virus infection and class I expression were checked by FACS analysis
(data not shown). The 51Cr release values shown represent means of
two triplicate measurements at an effector-to-target (EIT) ratio of 4.
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TABLE 2. Recognition of K'-presented peptides by Moloney virus-
specific bml3 CTLf

Effector Peptideb releasec ± SD

CTL clone 10B6 Noned -2 ± 2
PQSSLYPAL gag(126-134) -2 ± 2
SSWDFITV env(189-196) 54 ± 4
LVDGAYQAL env(317-325) -2 ± 3
SPSYVYGLF env(453-461) 1 ± 2
NRSPWFITL env(602-610) -3 ± 3
NL1TDYCVL env(434-442) 2 ± 5
MATQQFQQL env(500-508) 2 ± 3
STQGWFEGL env(592-600) -1 t 7
VLTQQYHQL env(650-658) -5 ± 4

CTL line Noned 6 ± 1
SSWDFITV env(189-196) 50 ± 1

a CL were added at an E/T ratio of 8.
b All peptides are encoded by the Moloney MuLV gag or env region. Peptides

1 to 5 were selected on the basis of class I Kb stabilization in the RMA-S-binding
assay, performed with gag and env 1 1-mer peptides. Peptides 6 to 9 were selected
on the basis of class I Kb-binding motif, and they strongly upregulate the Kt
expression on RMA-S cells. Peptides were tested for sensitization of MuLV-
negative EMA target cells, which were preincubated with peptide 30 min prior to
CTL addition. Peptide concentration during the assays was 10 .glml.

c Mean of a triplicate measurement. Similar results were obtained in two
independent experiments.

d Percent lysis of ELM cells without peptide.
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another four env-encoded peptides were selected for the K"
motif (Table 2). All peptides were synthesized as 8- or 9-mer
sequences, checked for their ability to upregulate the class I K"
expression on RMA-S, and tested in cytotoxicity experiments.
As demonstrated in Table 2, the env(189-196) peptide (SSWD-
FITV) was capable of sensitizing the Moloney MuLV-negative
ELM target cell line for lysis by the 1OB6 CTL clone. The other
eight peptides were not recognized in these assays. The
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FIG. 2. Sensitization of EM4 target cells (MuLV negative) by length
variants of the Moloney MuLV CTL env(189-196) epitope for recog-
nition by the CTL clone 10B6 (E/T ratio, 5). Target cells were added
to the titrated peptides (ranging from 10'4 to 103 ng/ml) 10 min prior
to CTL addition. Half-maximal lysis (-25% 5tCr release) was at 0.001
ng/ml for the SSWDFITV octapeptide, at 0.01 ng/ml for the SSSWD-
FITV nonapeptide, and at 10 ng/ml for the SSWDFITVN nonapeptide
and SSSWDFITVN decapeptide.

E/T ratio

FIG. 3. Lytic activity of the 10B6 CTL clone against class I D-, Kb-,
or DbmJ3-transfected FRE cells and EML cells with or without Moloney
env(189-196) peptide (0.5 ,ug/ml). Values shown are means of tripli-
cate measurements. Standard deviations were less than 5%. FRE
DbmJ3 cells were lysed specifically by Dbm'3-allospecific B6 CTL in the
same experiment (data not shown) and, for all FRE transfectants, class
I expression was checked by FACS analysis (data not shown).

Moloney MuLV-specific CTL line also recognized the
env(189-196) epitope (Table 2).

Characterization of the Mol env(189-196) CTL epitope. The
env(189-196) sequence is encoded in the extracellular region of
the Moloney MuLV gp70 envelope cell surface protein. Next
to the CTL line and the 1OB6 CTL clone described above, we
found the env(189-196) peptide to be recognized by two
independent Moloney MuLV-specific bulk CTL cultures of
bml3 mice and, in addition, by all 40 CTL clones isolated from
one of these CTL cultures (data not shown). Possible alterna-
tive peptide specificities, as might appear from specific lysis of
Moloney MuLV-infected cells but not Mol env(189-196)-
loaded cells, were never observed. We therefore conclude that
Mol env(189-196) most likely serves as an immunodominant
epitope in the Moloney MuLV-directed CTL response in bml3
mice.

In general, class I Kb-restricted epitopes are 8-mer se-
quences, but longer epitopes (9 or 10 aa long) have been
described as well (5). We tested the env(189-196) peptide as
well as two 9-mer peptides and a 10-mer one covering this
sequence, in a titration on EL4 target cells (Fig. 2). At a high
peptide concentration (1 ,ug/ml) all peptides gave the same
level of specific lysis (approximately 50%) when the 1OB6 CTL
clone was used as effector. The half-maximal lysis level was
reached for the env(189-196) octapeptide at 0.001 ng/ml. A
10-fold amount of env(188-196) nonapeptide and a 10,000-fold
amount of env(189-197) nonapeptide or env(188-197) de-
capeptide were required for half-maximal lysis by 1OB6 CTL
(Fig. 2). Thus, as expected on the basis of the K" binding motif

0
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B6 peptide-specific bulk CTL
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FIG. 4. Lytic activity of day 16 spleen cell bulk cultures (-80%
CD8 positive) of Mol env(189-196) peptide-immunized B6 mice (left
four bars) and Sendai virus S9 peptide-immunized B6 mice (right four
bars) against EL4 target cells without peptide or loaded with Mol
env(189-196) or Sendai S9 peptide (0.5 ,ug/ml), E/T ratio, 5:1. Values
shown are means of triplicate measurements and are representative of
the data obtained in three independent experiments.

(total peptide length of 8 aa, with an F or Y at position 5 and
an aliphatic residue at position 8 [11]), the 8-mer peptide (aa
sequence SSWDFITV) functions optimally in target cell sen-
sitization and probably represents the endogenously processed
Moloney MuLV epitope.
On Moloney MuLV-infected target cells, the env(189-196)

epitope is presented by class I Kb but not class I Db or Dbml3
(Fig. 1). We were interested to see whether the class I Db"13
molecule (of which the antigen-binding pocket is partly shaped
by a Kb-derived sequence) could present this peptide when the
peptide was supplied at a high concentration. Mouse class
1-transfected rat (FRE) target cells were incubated with 0.5 ,ug
of env(189-196) peptide per ml and were tested for recognition
by 10B6 CTL. As shown in Fig. 3, only class I Kb-transfected
cells and the H-2"(Kb, Db) EL4 mouse cell line could be
targeted for lysis. Peptide-loaded class I DbmJ3 or Db transfec-
tants were not recognized, so these molecules seem incapable
of presenting the epitope to anti-Moloney MuLV, Kb-re-
stricted CTL.

Recognition of Mol env(189-196) by CTL derived from B6
mice. To investigate whether B6 mice have CTL precursors for
the Moloney env(189-196) K"-presented epitope, peptide im-
munizations were performed with the synthetic Mol env(189-
196) peptide and with the S9 control peptide, encompassing
the immunodominant (K"-restricted) epitope of Sendai virus
(19, 33). Mouse spleen cells were restimulated in vitro with
peptide-incubated RMA-S cells (which after incubation ex-
press the relevant peptide-class I complex at high density [3]);
at day 7 they consisted mainly of CD8-positive cells (data not
shown). In cytotoxicity experiments, these B6-derived CTL
appeared specific for the peptide they were raised against (Fig.
4). Thus, Mol env(189-196)-primed CTL lysed Moloney pep-

10B6 CTL clone

qa5

co
ce~

EL4 RMA 717 771

FIG. 5. Lytic activity of the Mol env(189-196)-specific IOB6 CTL
clone against MuLV-negative ELM tumor cells, Rauscher MuLV-
transformed RMA tumor cells, and MCF1233 MuLV-transformed 717
and 771 tumor cells without peptide or loaded with Mol env(189-196)
peptide (0.5 jig/ml; E/T ratio, 2.5). The values shown are means of
triplicate measurements and are representive of the data obtained in
three independent experiments. MuLV expression on the various
target cells was checked by FACS analysis (data not shown). The
MCF1233 MuLV-transformed lymphomas are targets for MCF1233-
specific CIL (38).

tide-loaded target cells, whereas S9-primed CTL were specific
for S9-loaded cells. In addition, the Moloney MuLV peptide-
specific CTL were capable of lysing RMA tumor cell targets,
which endogenously process a Rauscher MuLV-encoded
equivalent of the Mol env(189-196) epitope (see below), while
S9-specific CTL did not recognize RMA tumor cells. B6 mice
therefore have Mol env(189-196)-specific CTL precursors, and
these can be activated by appropriate peptide stimulation.
MuLV type specificity of Mol env(189-196)-directed CTL. In

H-2" mice, MuLV-directed CTL responses generally distin-
guish between MuLV of the Friend, Moloney, or Rauscher
(FMR) type and MuLV of the AKV or MCF type (9, 12, 28).
When testing for MuLV specificity, we found the 10B6 CTL
clone to recognize the H-2b Rauscher MuLV-induced lym-
phoma RMA (22) but not two H-2" MCF1233 MuLV-induced
lymphomas, 717 and 771 (37) (Fig. 5). All tumor target cells
could be sensitized for recognition by loading with the Mol
env(189-196) peptide, which shows their capacity to present
this epitope. Figure 6A shows an alignment of the different
MuLV sequences in the Moloney epitope encoding region.
Both Friend and AKV MuLV encode the sequence SSWDY-
ITV, which differs at the position 5 K" anchor residue from
Mol env(189-196) (SSWDFITV) (13, 20). The Rauscher
MuLV sequence, obtained by us by PCR analysis of the
Rauscher viral transcripts in the Rauscher virus-induced RMA
cell line (data not shown), is SSWDFITV, which is identical to
the Moloney MuLV sequence. MCF1233 MuLV (a C57BL
virus isolate from our laboratory [48]) encodes the sequence
SSWDLISL (37a). Corresponding synthetic MuLV peptides
were tested in titration experiments for their abilities to
upregulate class I Kb expression on RMA-S cells (which
correlates with Kb-binding capacity) (Fig. 6B) and for recogni-
tion by the 10B6 CTL clone (Fig. 6C). We found that the
Moloney/Rauscher-derived peptide was the strongest Kb
binder, closely followed by the Friend/AKV-encoded peptide,
whereas the MCF peptide (which lacks the position 5 anchor
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residue) bound poorly to class I K". In the CTL tests, all MuLV
peptides did equally well at high concentrations (1 ,ug/ml), but
recognition of the MCF peptide tapered off at 100 ng/ml,

ref. whereas the Friend/AKV peptide and Moloney/Rauscher pep-
ref. tide could be diluted to concentrations as low as 1 ng/ml and

0.1 ng/ml, respectively. In conclusion, the 10B6 CTL clone,
which represents the main specificity of Moloney MuLV-

35 directed CTL in bml3 mice, cross-reacts with RMA tumor
cells expressing Rauscher MuLV, showing endogenous pro-

20 cessing of the Moloney MuLV epitope equivalent. 10B6 CTL
also recognize the Friend and AKV MuLV-encoded epitope

13 equivalent but not the MCF1233-encoded peptide or
MCF1233 MuLV-transformed tumor cells.
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DISCUSSION

Specific mutations in the antigen binding cleft of major
histocompatibility complex molecules alter the array of pre-
sented peptides (30, 45) and in this way may influence CTL-
mediated immunity. B6 and B6 mutant class I Db,13 mice are
both capable of eradicating Moloney virus-induced tumors, but
in B6 mice the main effectors are class I D"-restricted CTL,
whereas in bml3 mice the CTL response is restricted by the K"
molecule (38-41). In this study, it was shown by clonal analysis
that mutant bml3 mice, compared with normal B6 mice,
display elevated levels of Moloney MuLV-specific K"-
restricted CTLp. We mapped the immunodominant bml3
CTL epitope of Moloney MuLV from a set of viral peptides
that had been selected for class I K" binding. This method
previously had been shown useful for epitope identification
(26) and recently enabled us to map a CTL epitope for the
MCF1233 MuLV (37).
The Mol env(189-196) epitope identified here fully corre-

sponds to the Ke allele-specific binding motif (5). It possesses
a Phe at position 5 (the motif describes a Phe or Tyr) and a Val
at position 8 (which is one of the less frequent, carboxy-
terminally occurring aliphatic amino acids). In functional
assays, the Moloney MuLV env(189-196) peptide did not bind
the D" molecule detectably, nor was it presented to T cells by
this molecule. The class I DbmJ3 molecule, containing a K"-
derived sequence in the floor of the antigen-binding cleft (11),
also did not present Mol env(189-196) to Ke-restricted CTL.

In B6 mice, although the frequency of Moloney MuLV-
directed K"-restricted CTLp was extremely low following
Moloney MSV priming in vivo and Moloney virus restimula-
tion in vitro, Mol env(189-196)-specific CTL could be raised by

SSWDLISL

FIG. 6. (A) Alignment of the FMR, AKV, and MCF1233 MuLV
sequences in the Moloney MuLV env(189-196) epitope-encoding
region. Nonconserved amino acid residues are shown in boldface and
underlined. The Rauscher sequence was identified by PCR analysis of
an mRNA isolate from the RMA cell line (DNS, data not shown).
Primers were selected up- and downstream from the epitope, on the
basis of the Moloney sequence. This resulted in a 291-bp PCR
fragment, which was sequenced (37a). (B) Titration of the Mol
env(189-196)/Rauscher peptide and the Friend/AKV and MCF1233
MuLV equivalents in a peptide-binding experiment on RMA-S cells.
Binding to class I K" was measured by FACS analysis. Fluorescence
indexes {[(mean fluorescence with peptide) - (mean fluorescence
without peptide)]/mean fluorescence without peptide} are depicted on
they axis. (C) Titration of the Mol env(189-196)/Rauscher peptide and
the Friend/AKV and MCF1233 MuLV equivalents in a cytotoxicity
experiment on EL4 target cells. Effector was the 10B6 CTL clone (E/T
ratio, 4). The values shown are means of triplicate measurements and
are representative of the results obtained in two independent experi-
ments.
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immunization with this Kb-presentable peptide. In addition, in
CTL bulk cultures of Moloney MuLV-immunized mice, occa-
sionally minor responses against a K"-presented component
are observed (41), and we sometimes detect weak reactivity
against Mol env(189-196) peptide-pulsed cells in short-term
CTL cultures from B6 tumor regressor mice (our unpublished
observations). Together, these facts imply that in B6 mice, the
Mol env(189-196) epitope is probably subdominant in the B6
CTL response against Moloney MuLV.
The immunodominance of the env(189-196) epitope in

bml3 mice may result simply from failure of the B6 Db epitope
(the identity of which is unknown) to be properly presented by
the DbmJ3 molecule, which would allow the subdominant
epitope to take over. However, this does not seem the most
likely explanation. Our CTLp analyses showed elevated levels
for Moloney MuLV-specific Kb-restricted CTLp in bml3 mice,
comparable to the levels of Db-restricted CTLp in B6. Further-
more, it was shown previously that in F1 (B6 x bml3) offspring
mice, inoculation with Moloney virus activates Kb- and Db-
restricted CTL (40), indicating that the presence of class I D"
does not negatively influence a potentially Kb-restricted CTL
response. Another B6 derived Db mutant strain, the bml4
strain (Kb, Dbm-4), does not mount a detectable CTL response
upon inoculation with Moloney virus (CTLp less than
1/100,000 [16, 40]). Bml4 mice carry a single amino acid
substitution (position 70, Gln to His) in the (x-helix, lining the
D" antigen-presenting groove (the Dmb4-specific mutation)
(11), but they are otherwise genetically identical to B6 or bml3
mice (which carry the Dmb3-specific mutation). The nonre-
sponsiveness of the bml4 haplotype toward Moloney MuLV
can be overcome, since upon in vitro restimulation with
virus-infected dendritic cells (which are superior in presenting
antigen [16]), virus-specific Kb-restricted CTL are detected in
bulk spleen cell cultures from infected bml4 mice. We there-
fore conclude that B6, bml3, and bml4 mice have CTL
precursors for a Kb-presented Moloney viral epitope, but the
bml3 phenotype favors the positive selection of these CTL.

Because the DbmJ3 molecule has gained sequence homology
with the Kb molecule, we hypothesize that in bml3 mice the
positive selection of T cells with T-cell receptors (TcR) for
class I Kb-presented peptides can take place on the Kb mole-
cule as well as on the Dbml3 molecule. This would enlarge the
precursor population of Kb-restricted CTL. According to the
current view, the process of positive selection depends on
interaction of the TcR with major histocompatibility complex
molecules that are filled with self peptides (1, 15, 24, 34). CTL
selected on a particular class I molecule do not necessarily
have the ability to recognize their epitope in the context of this
molecule. Mice transgenic for the LCMV D&-presented glyco-
protein gp(32-42) epitope TcR positively select this receptor
on the D molecule as well as on the DbmJ3 molecule, but the
Dbm13 molecule is incapable of presenting the LCMV glyco-
protein gp(32-42) epitope to this TcR (25). In our system, we
propose that Kb-restricted Mol env(186-196)-specific T cells
can be selected on class I DbmJ3 , whereas this class I molecule
cannot present env(186-196) to mature CTL. In future studies
we will test this hypothesis, by analysis of transgenic mice that
carry the Mol env(189-196)-specific TcR.
The second part of this study addressed the fine MuLV

specificity of the Moloney virus-directed bml3 CTL response.
CTL raised against MuLV in H-2* mice usually appear either
specific for the exogenous FMR type of MuLV or for the
AKV/MCF MuLV type, derived from endogenous mouse
MuLV sequences (9, 12, 28, 37). Cross-reactivity is sometimes
reported (7). We recently identified an immunodominant
MCF1233 MuLV-encoded epitope (MCF M8) (37), presented

by class I Kb, which was conserved between AKV and MCF
MuLV. The homologous sequence in FMR MuLV differed at
the first amino acid position (Lys to Arg). Introduced in the
epitope-corresponding synthetic peptide, this single amino
acid substitution did not influence the Kb binding but led to
drastically reduced recognition by the MCF1233-specific
CTLs, thereby explaining their MCF/AKV MuLV type speci-
ficity.
The bml3 Mol env(189-196) CTL epitope is identical in

Rauscher MuLV, has one amino acid difference (position 5,
Phe to Tyr) in Friend and AKV MuLV, and differs at three
positions in MCF MuLV (SSWDFITV to SSWDLISL) (Fig.
6A). Rauscher MuLV-transformed cells endogenously process
and present the epitope, as is apparent from the specific lysis of
RMA tumor cells by the 10B6 CTL clone (Fig. 5) and several
other clones tested in this regard (data not shown). RMA
recognition by 10B6 CTL is Kb restricted, as was previously
shown in a study on viral antigen presentation by the antigen
processing defective RMA-S cell line, a derivative of RMA
(36). Whether the Mol env(189-196) equivalent is processed
and presented by Friend and AKV MuLV-infected cells is not
known. Synthetic peptides containing a Tyr for Phe at position
5 (an allowed substitution at an anchor position for Kb binding
(5), differed only slightly in binding capacity from the Moloney
peptide (Fig. 6B), whereas in CTL assays, 10-fold higher
amounts of mutated peptide were required for target cell
sensitization (Fig. 6C). MCF1233 MuLV-induced tumors are
not recognized by the Mol env(189-196)-specific 10B6 CTL
clone. MCF1233 is a recombinant between a milk-transmitted
AKV-type MuLV and a C57BL endogenous MCF viral se-
quence (37a, 48). The epitope equivalent in this virus is located
in the MCF-donated region (thus shared by most other MCF
MuLV) and contains Leu instead of Phe at position 5, thereby
lacking an anchor residue for Kb binding. The corresponding
peptide has a low affinity for Kb, as indicated by poor binding
in the RMA-S assay and the need for high concentrations in
target cell sensitization assays, and hence is unlikely to be
presented on MCF-transformed cells.

In conclusion, Moloney MuLV-directed bml3 CTL, specific
for the env(189-196) epitope, discriminate between Moloney
and Rauscher MuLV on the one hand and MCF MuLV on the
other hand. Cross-reactivity toward Friend and AKV MuLV-
infected cells remains to be explored. Both this study and the
MCF1233 M8 epitope study (37) support the earlier observa-
tions on the FMR versus AKV/MCF type specificity of MuLV-
directed CTL responses and explain this phenomenon at the
single-amino-acid level.
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